The Higgs boson production in association with a pair of W-bosons at the Large Hadron Collider(LHC) can be used to probe the coupling between Higgs boson and vector gauge bosons and discover the signature of new physics. We describe the impact of the complete QCD NLO radiative corrections and the gluon-gluon fusion subprocesss to the cross section of this process at the LHC, and investigate the dependence of the leading order(LO) and the QCD corrected cross sections on the fctorization/renormalization energy scale and Higgs boson mass. We present the LO and QCD corrected distributions of the invariant mass of W-boson pair and the transverse momenta of final W and Higgs boson. We find that the QCD NLO corrections and the contribution from gluon-gluon fusion subprocess significantly modify the LO distributions, and the scale dependence of the QCD corrected cross section is badly underestimated by the LO results. Our numerical results show that the K-factor of the QCD correction varies from 1.48 to 1.64 when m H goes up from 100 GeV to 160 GeV . We find also the QCD correction from gg → H 0 W + W − subprocess at the LHC is significant, and should be considered in precise experiment.
I. Introduction
The Higgs mechanism plays a crucial role in the standard model(SM). The existence of the Higgs boson makes the breaking of the electroweak(EW) symmetry and generates the masses for the fundamental particles [1, 2] . Therefore, to study the Higgs mechanism is one of the main goals of the LHC. The LEP experimental data from direct search for Higgs boson in association with Z 0 boson provide the exclusion of the Higgs boson in the mass range up to 114.4 GeV at 95% confidence level(CL) [3] . The current SM fit of all electroweak parameters produced by the LEP Electroweak Group predicts m H = 84
, or the one-sided 95% CL limit m H < 154 GeV . Including the LEP direct search results, this upper limit increases to m H 185 GeV [5] . It is also interesting that recent combined results from the Tevatron experiments have, for the first time, excluded the hypothesis of a Higgs boson mass around 170 GeV [6] at 95% CL. Although the expected sensitivity of Tevatron experiments is not enough to make a 5σ discovery of the SM Higgs boson [7] , it is enough to exclude it out up to m H ∼ 200 GeV at 95% CL, or to make a 3σ observation. While for the coupling properties, such as the couplings between Higgs boson and gauge bosons, the precise data provide only little information about them.
The CERN Large Hadron Collider(LHC) is a machine with the entire proton-proton colliding energy of 14 T eV and a luminosity of 100 f b −1 per year. If the Higgs boson really exists, it will be discovered at the LHC, which can provide a measurement of the Higgs mass at the per-mille level, and of the Higgs boson coupling at the 5 − 20% level. At this machine, the Higgs boson production is dominated by the gluon-gluon fusion process, described at the leading order through a heavy-quark loop. The next-to-leading order cross section for this process is 37.6 pb, for m H = 120 GeV . The Higgs boson can also be produced by Vector
Boson Fusion (VBF) with a cross section of 4.25 pb, or by associated production with a W ± , a Z 0 , or a tt quark pair, with 3.19 pb for the three processes and m H = 120 GeV (cross sections calculated at next-to-leading order) [8] ).
After the discovery of Higgs boson, our main task is to probe its properties, such as spin, CP, and couplings. However, these measurements require accurate theoretical predictions for both signal and background. At the LHC, most of the important processes will involve multi-particle final states, either through the direct multi-particle production or the decay of resonances. It is known that the theoretical predictions beyond the LO for these processes with more than two final particles are necessary from the data analysis point of view in order to probe the SM and find new physics, but the calculations for these processes involving the NLO corrections are very intricate. In the last few years, the phenomenological results including the QCD NLO corrections for tri-boson production processes at the LHC, such as pp
have been provided [9, 10, 11, 12] . The QCD NLO corrections to the weak boson fusion processes, like pp → W W jj, W Zjj [13, 14] , pp → Hjj with effective gluon-Higgs coupling, [15] gg → Hqq [16] , and pp → ttj [17] have been studied.
In this paper, we make a precise calculation for the process pp → H 0 W + W − + X at the LHC including the contributions of the QCD NLO corrections and the gluon-gluon fusion subprocess, for the purpose of avoiding a possible experimentally observed deviation from the LO prediction due to the QCD effects being misinterpreted. As we shall see from the following investigation that these QCD NLO corrections and the contribution from the gluon-gluon fusion process turn out to be potentially important in observations of the signal of pp → H 0 W + W − + X process and should be taken into account in experimental data analysis. In section II we give the calculation description of the LO cross section of pp → H 0 W + W − + X process, and the calculations of the complete QCD NLO radiative contribution and the correction from gluon-gluon fusion subprocess are provided in section III. In section IV we present some numerical results and discussion, and finally a short summary is given.
II. The LO cross section of the pp → H
In the LO and higher order calculations we employ FeynArts3.4 package [18] to generate Feynman diagrams and their corresponding amplitudes. The amplitude calculations are implemented by applying FormCalc5.4 programs [19] .
The leading order contribution to the cross section of the parent process pp → H 0
annihilation. We denote the subprocess as come from the averaging over the spins and colors of the initial partons respectively,ŝ is the partonic center-of-mass energy squared, and M LO is the amplitude of all the tree-level diagrams shown in Fig.1 . The summation is taken over the spins and colors of all the relevant particles in the→ H 0 W + W − subprocess. The integration 
Within the framework of the QCD factorization, the LO cross section for the process pp → 
where
which describes the probability to find a parton i with momentum xp A in proton A, s is defined as the total colliding energy squared in proton-proton collision,ŝ = x 1 x 2 s, and µ f is the factorization energy scale. In our LO calculations, we adopt the CTEQ6L1 [20] parton distribution functions. .
III. QCD corrections
As we shall see later that the soft/collinear IR singularities can be cancelled by adding the contributions of the qq
redefining the parton distribution functions at the NLO. In the numerical calculations of the virtual corrections, we use the expressions in Refs. [21, 22, 23] to implement the numerical evaluations of IR safe one-point, 2-point, 3-point, 4-point and 5-point integrals.
(1) Figure 2 : Some of the one-loop Feynman diagrams for the subprocess
III..2 Real gluon emission subprocess qq
We denote the q −q(q = u, d) annihilation subprocess with a real gluon emission as
The real gluon emission subprocess Fig.3 ) produces both soft and collinear IR singularities which can be conveniently isolated by adopting the two cutoff phase space slicing (TCPSS) method [24] . The soft IR singularity in the subprocess 
. Therefore, the cross section for this real
The tree-level Feynman diagrams for the real gluon emission subprocess qq
gluon emission subprocess can be expressed aŝ
The differential cross section for the subprocess→ H 0 W + W − g in the soft region is given as
with
The differential cross section for the process pp
in the hard collinear region, can be written as
where G q(q)/P (x, µ f ) is the bare parton distribution function of quark(anti-quark) and P refers to proton. P(z, ǫ) is the D-dimensional unregulated (z < 1) splitting function which can be written explicitly as
Beside the real gluon emission subprocess discussed above, there is another kind of contribution called the real light-quark emission subprocess which has the same order contribution with previous real gluon emission subprocess in perturbation theory. The corresponding
are shown in Fig.4 . 
These subprocesses contain only the initial state collinear singularities. Using the TCPSS method described above, we split the phase space into collinear region and non-collinear region by introducing a cutoff δ c . Then the cross sections for the subprocesses qg →
The cross sectionsσ 
11)
The expression of the dσ HC q for the pp →qg → H 0 W + W −q + X process, can be obtained by doing the replacement of G q/P 2 (x 2 ) → Gq /P 2 (x 2 ) in the right-handed side of Eq.(3.11). In above equation G q(q)/P (x) is the bare parton distribution function of quark(anti-quark) in proton and 
By using above definition, we get the QCD counter-terms of parton distribution function which are combined with the hard collinear contributions to result in the O(α s ) expression for the remaining collinear contributions:
We can find that the sum of the soft (expressed in Eq.(3.5)), collinear(expressed in Eq.(3.15)), and ultraviolet renormalized virtual correction (expressed in Eq.(3.1)) terms is finite, i.e.,
The final result for the total QCD correction(∆σ QCD ) consists of a three-body term ∆σ (3) and a four-body term ∆σ (4) . 
Finally, the QCD corrected total cross section for the pp → H 0 W + W − + X process is
where the LO cross section part of the parent process pp → H 0 W + W − + X is expressed as 
IV. Numerical results and discussion
In this section we describe and discuss the numerical results of our calculations for the pp → H 0 W + W − + X process at the LO, the corrections at the QCD NLO and the contribution from the gluon-gluon fusion subprocess. We take one-loop and two-loop running α s (µ) for the LO and the higher order calculations, respectively [25] . We set the factorization scale and the renormalization scale being equal, and take µ ≡ µ f = µ r = (m H + 2m Fig.6(a) .
The amplified curve for ∆σ QCD is presented in Fig.6 (b) together with calculation errors.
While Figs.7(a,b) show the independence of the total QCD correction to the pp → uū → H 0 W + W − + X process on the cutoff δ c where we take δ s = 10 −3 . In Fig.7 (b) the amplified curve for ∆σ QCD of the pp → uū → H 0 W + W − + X process is depicted. The fact that the total QCD correction ∆σ QCD for the pp → uū → H 0 W + W − + X process is independent of these two cutoffs, not only proofs the cancelation of soft/collinear IR divergency in the total QCD correction for the process pp → uū → H 0 W + W − + X , but also partially verifies the correctness of our calculation. In the following numerical calculations, we fix δ s = 10 −3 and
In Figs.8(a,b) we assumed µ ≡ µ r = µ f and defined µ 0 = (m H + 2m W )/2. Fig.8(a) shows the dependence of the LO and the total QCD corrected cross-sections for the process pp → H 0 W + W − + X on the factorization/renormalization scale(µ/µ 0 ). We can see that the curve for LO cross section has a tiny variation being less than one percent, but the variation of the QCD corrected cross section is relative large by approximately 10% when the energy scale µ runs from 0.5µ 0 to 4µ 0 . It demonstrates that the LO curve drastically underestimates the energy scale dependence of the QCD correction. That is because there is no strong interaction 
/σ LO ) versus the factorization/renormalization scale(µ/µ 0 ). Here we assume µ ≡ µ f = µ r and define
in the LO diagrams of the→ H 0 W + W − subprocess, and its weak energy scale dependence is the consequence of the parton distribution functions being related to the factorization scale(µ f ). The similar behavior is demonstrated in the Z production at the Tevatron [27] and the production of three Z-bosons at the LHC [28] . Fig.8(b In Fig.9 we present the plot of the LO and the QCD corrected(including pp → gg → And the corresponding K-factor(K ≡ σ QCD /σ LO ) varies in the range from 1.48 to 1.64.
In Table 2 we list some of the numerical results used in Fig.9 . They are the data for the tree-level, the QCD corrected(including the pp → gg → H 0
and the K-factor part contributed by the pp → gg → H 0
) with the Higgs-boson mass value being in the range from 100 GeV to 160 GeV at the LHC. From Table 2 we can see the LO and the QCD corrected cross sections are all sensitive to the Higgs-boson mass, but the total K-factor is not sensitive to the Higgs-boson mass except in the vicinity where m H approaches to 2m W ∼ 160 GeV . The contribution from the pp → gg → H 0 W + W − + X process to the total QCD corrections can be remarkable at the LHC, and the QCD relative correction from the process pp → gg → 
) and the K-factor part contributed by the pp → gg →
) with the Higgs boson mass value varying from 100 GeV to 160 GeV at the LHC. 
, dσ LO /dp
and dσ QCD /dp Fig.10(a) , and the distributions of dσ LO /dp H 0 T and dσ QCD /dp T at the LO and including QCD corrections. All the peaks are located at the position around p T ∼ 50 GeV . And we can see from Figs.10(a-b) that both the differential cross sections at the LO for W + -and H 0 -boson (dσ LO /dp
T , dσ LO /dp 
V. Summary
In this paper we investigate the phenomenological effects due to the QCD NLO corrections and the gluon-gluon fusion subprocess in the Higgs-boson production associated with a Wboson pair at the LHC. We study the dependence of the LO and the QCD corrected cross We find also the cross section of the pp → H 0 W + W − + X process receives a remarkable QCD correction from the contribution of gg → H 0 W + W − subprocess at the LHC, and we should consider this correction part in precise experimental data analyse.
